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Introduction {#sec001}
============

*Staphylococcus aureus* is one of the microbes that commonly inhabits human skin and nasal cavities. Conversely, the strains producing virulence factors cause various infectious diseases, such as skin infections, food poisoning, pneumonia, bacteremia, and toxic shock syndrome \[[@pone.0214470.ref001]\]. In particular, methicillin-resistant *S*. *aureus* (MRSA) is a causative agent of intractable infections. Panton-Valentine leukocidin (PVL) is one of the highly pathogenic toxins produced by *S*. *aureus* \[[@pone.0214470.ref002]\]. PVL is composed of two proteins: LukS-PV and LukF-PV; these two proteins associate on the target cell membranes to construct a six to eight mer holotoxin (membrane pore) and induce target cell necrosis \[[@pone.0214470.ref003], [@pone.0214470.ref004]\]. Thus, PVL is known to be associated with severe disorders, such as deep-seated skin infections, necrotizing fasciitis, and necrotizing pneumonia \[[@pone.0214470.ref005]--[@pone.0214470.ref007]\]. The USA300 clone, which is one of the PVL-positive MRSA lineages, shows high pathogenicity due to possession of an arginine catabolic mobile element (ACME) \[[@pone.0214470.ref008], [@pone.0214470.ref009]\]. Currently, the USA300 clone is widely disseminated in both community and healthcare settings and has become a pandemic clone \[[@pone.0214470.ref009]\]. Some other PVL-positive MRSA clones have also been identified globally \[[@pone.0214470.ref010]\]. One of them, the USA300-LV clone, is closely related to the USA300 clone and has spread rapidly through Latin American countries \[[@pone.0214470.ref011]\]. The Taiwan clone has mainly been found in Asian countries \[[@pone.0214470.ref007]\]. However, the USA300 clone is considered the most predominant and highly pathogenic PVL-positive MRSA.

Antimicrobial agents have been used for over half a century for treatment and prevention of bacterial infections. However, the development of antimicrobial-resistant bacteria, such as MRSA, has always been a problem. Even though new antimicrobial agents have been developed, bacteria rapidly acquire resistance against these new agents. Hence, the development of new and effective antibacterial agents is difficult. Additionally, antimicrobial agents often cannot recoup their considerable development costs for pharmaceutical companies, because they are usually used for only a short period. As a result, the development of new antimicrobial agents has been decreasing in recent years \[[@pone.0214470.ref012]\]. Furthermore, antibacterial agents affect our normal microbiome \[[@pone.0214470.ref013]\]. Therefore, an alternative approach, such as anti-virulence therapies that modulate bacterial toxin or virulence factors production \[[@pone.0214470.ref014]\], is necessary to resolve the above issues.

Together with *S*. *aureus*, *S*. *epidermis* is one constituent of the human skin microbiome. *S*. *epidermidis* produces glycerin from perspiration and sebum to maintain the skin barrier function \[[@pone.0214470.ref015]\]. In particular, *S*. *epidermidis* produces bacteriocin and antimicrobial peptides to prevent the growth of pathogenic bacteria on the skin \[[@pone.0214470.ref016], [@pone.0214470.ref017]\]. It has been reported that the reduction of the *S*. *epidermidis* population on the skin is associated with various disorders \[[@pone.0214470.ref018]\]. Thus, anti-virulence agents that exhibit less activity against *S*. *epidermidis* populations on the skin as compared to activity against MRSA that cause skin infections are desirable.

We have screened various herbal medicines to discover anti-virulence agents \[[@pone.0214470.ref019]--[@pone.0214470.ref021]\]. Tokiinshi is one of the traditional Japanese medicines (Kampo) used for skin diseases, such as eczema and atopic dermatitis \[[@pone.0214470.ref022]\]. It consists of 10 herbs, Angelica root, Rehmannia root, Tribulus fruit, Paeonia root, Cnidium rhizome, Saposhnikovia root, Polygonum root, Astragalus root, Schizonepeta spike, and Glycyrrhiza, and has been used in Japan since 1986. Some of the constituents have antimicrobial activity; however, the effects against *S*. *aureus* and *S*. *epidermidis* are unknown \[[@pone.0214470.ref023]\]. Here, we investigated the potential anti-virulence effect of Tokiinshi against clinical PVL-positive MRSA strains including the USA300 clone.

Materials and methods {#sec002}
=====================

Bacterial strains, growth conditions, and Kampo medicine preparation {#sec003}
--------------------------------------------------------------------

The study protocols were approved by the Tokyo University of Pharmacy and Life Sciences Ethics Committee (13--13 and 16--12). Informed consent was not required from the patients and healthy individuals because the study did not involve clinical interactions with those subjects. We used four PVL-negative MRSA strains, nine PVL-positive MRSA strains (five USA300 clones, two USA300-LV clones, and two Taiwan clones), nine methicillin-susceptible *S*. *aureus* (MSSA) strains, and thirteen methicillin-susceptible *S*. *epidermidis* (MSSE) strains ([Table 1](#pone.0214470.t001){ref-type="table"}) \[[@pone.0214470.ref007], [@pone.0214470.ref010]\]. MSSA ATCC29213 and methicillin-resistant *S*. *epidermidis* (MRSE) RP62A were used in a growth inhibition assay. All strains were cultivated in Mueller-Hinton agar (MHA, OXOID Ltd., Basingstoke, UK) or Mueller-Hinton broth (MHB, OXOID) at 35°C. Tokiinshi extract granules (Lot No. YH475) were purchased from Kotaro Pharmaceutical Co., Ltd. (Osaka, Japan). Contents of Tokiinshi were as follows; 4.0 g of Angelica root, 3.2 g of Rehmannia root, 2.4 g of Paeonia root, 2.4 g of Tribulus fruit, 2.4 g of Saposhnikovia root, 2.4 g of Cnidium rhizome, 2.0 g of Polygonum root, 1.6 g of Astragalus root, 1.6 g of Schizonepeta spike, and 0.8 g of Glycyrrhiza.

10.1371/journal.pone.0214470.t001

###### Bacterial strains used in this study.

![](pone.0214470.t001){#pone.0214470.t001g}

  Species              Strain no.                                                       Description \[reference\]
  -------------------- ---------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------
  *S*. *aureus*        ATCC29213                                                        Quality control strain for antimicrobial susceptibility testing
                       15a, 17b, 30b, 45a, 56b, 64b, 69a, 70a, 72a                      MSSA isolated from healthy skin \[This study\]
                       TPS3119, TPS3160, TPS3332, TPS3355                               PVL-negative clinical MRSA isolated from skin infections \[[@pone.0214470.ref007]\]
                       TPS3472, TPS3517, TPS3993, TPS4353, TPS4655                      USA300 clone (MRSA) isolated from skin infections \[[@pone.0214470.ref007]\]
                       TPS3156, TPS3232                                                 USA300-LV clone (MRSA) isolated from skin infections \[[@pone.0214470.ref007], [@pone.0214470.ref010]\]
                       TPS4219, TPS4361                                                 Taiwan clone (MRSA) isolated from skin infections \[[@pone.0214470.ref007]\]
  *S*. *epidermidis*   RP62A (ATCC35984)                                                Laboratory stock MRSE strain
                       2a, 11a, 19a, 24b, 34a, 45b, 46a, 52a, 53a, 62a, 64a, 75b, 78a   MSSE isolated from healthy skin \[This study\]

MSSA, methicillin-susceptible *Staphylococcus aureus*

MRSA, methicillin-resistant *Staphylococcus aureus*

MRSE, methicillin-resistant *Staphylococcus epidermidis*

MSSE, methicillin-susceptible *Staphylococcus epidermidis*

Growth inhibition assay {#sec004}
-----------------------

Overnight cultures (4 × 10^3^ CFU/ml) of the tested strains were inoculated into MHB in the presence or absence of 20 mg/ml (a standard dose for oral use) of Tokiinshi and incubated with shaking for 6 h. The cultures were spread onto MHA at 0, 1, 2, 4, and 6 h of incubation. After 24 h, growth inhibition effects of Tokiinshi was determined by enumerating colony forming units (CFUs) on MHA. When MSSA and MRSE were co-cultured, the cultures were spread onto MHA in the presence or absence of 6 μg/ml oxacillin to distinguish MRSE. The results are shown as the mean ± standard error of the mean (SE) and log~10~ reduction values (LRVs) ± standard deviation (SD), which were derived from at least three independent experiments. The LRVs were calculated using the following formula: log~10~(CFU in the absence of Tokiinshi/CFU in the presence of Tokiinshi).

PVL production inhibition assay {#sec005}
-------------------------------

PVL production was measured using PVL-RPLA "Seiken" (DENKA SEIKEN Co., Ltd., Tokyo, Japan). Overnight cultures (4 × 10^3^ CFU/ml) of the tested strains were inoculated into MHB in the presence or absence of 5 mg/ml Tokiinshi and incubated with shaking for 20 h. The cultures were centrifuged at 3,000 × *g* for 20 min, and the supernatants were collected. The supernatants were serially diluted two-fold and added to 96-well microplates, and the PVL-sensitized latex was added and mixed thoroughly. After incubation at 25°C for 18 to 20 h, the agglutination titers were determined. The results were derived from at least two independent experiments.

Preparation of bacterial RNA and real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR) {#sec006}
-----------------------------------------------------------------------------------------------------------------

Total *S*. *aureus* RNA was isolated using a Blood / Cultured Cell Total RNA Mini Kit (Favorgen Biotech Corp., Ping-Tung, Taiwan). Overnight cultures (4 × 10^3^ CFU/ml) of the tested strains were inoculated into MHB in the presence or absence of Tokiinshi (1 to 5 mg/ml) and incubated with shaking for 10 h. Real-time qRT-PCR was performed using the cDNA prepared by ReverTra Ace (TOYOBO Co., Ltd., Osaka, Tokyo). Primers designed for the qRT-PCR assays are listed in [S1 Table](#pone.0214470.s003){ref-type="supplementary-material"} \[[@pone.0214470.ref024]\]. All samples were analyzed in triplicate, and expression levels normalized against *gmk* gene expression \[[@pone.0214470.ref025]\]. The results are shown as the mean ± SE, which were derived from at least three independent experiments.

Statistical analysis {#sec007}
--------------------

Differences in the number of viable bacteria (CFU/ml) between *S*. *aureus* ATCC29213 and *S*. *epidermidis* RP62A strains were compared using Welch's *t*-test. Differences in the number of viable bacteria (CFU/ml) between clinical MRSA, MSSA, and MSSE strains were compared using Mann-Whitney U tests. The relative levels of PVL gene transcription were compared using Scheffé's test following by a Kruskal-Wallis test. *P* values of less than 0.05 were considered statistically significant.

Results {#sec008}
=======

Growth inhibition of *S*. *aureus* and *S*. *epidermidis* {#sec009}
---------------------------------------------------------

Treatment with 20 mg/ml Tokiinshi exhibited growth inhibition of both *S*. *aureus* ATCC29213 and *S*. *epidermidis* RP62A ([Fig 1](#pone.0214470.g001){ref-type="fig"} and [S2 Table](#pone.0214470.s004){ref-type="supplementary-material"}). Specifically, the growth inhibition effect of Tokiinshi was greater against *S*. *aureus* than *S*. *epidermidis*. The LRV (log~10~ reduction value) at 6 h against *S*. *aureus* was more than 2-fold higher than that of *S*. *epidermidis*. To evaluate which component inhibits growth, we tested eight modified Tokiinshi formulas, each without one of the ten components of the original formula ([S1 Fig](#pone.0214470.s001){ref-type="supplementary-material"}). We found that each modified Tokiinshi formula was less effective at inhibiting the growth of *S*. *aureus* than the original Tokiinshi formula. In contrast, each modified formula was slightly more effective at inhibiting the growth of *S*. *epidermidis* than the original formula. Therefore, the data strongly suggest that all the herbal components of Tokiinshi are necessary for its bactericidal and bacteriostatic effects against *S*. *aureus* and *S*. *epidermidis*.

![Growth inhibition effect of Tokiinshi (20 mg/ml) against *S*. *aureus* and *S*. *epidermidis*.\
\**P* \< 0.05, \*\**P* \< 0.01.](pone.0214470.g001){#pone.0214470.g001}

In most cases of skin infections caused by *S*. *aureus*, it is predicted that *S*. *epidermidis* exists in the same region. Hence, we investigated the growth inhibition effects of Tokiinshi against co-cultured *S*. *aureus* and *S*. *epidermidis* ([Fig 2](#pone.0214470.g002){ref-type="fig"}). The survival ratios of *S*. *epidermidis* in the absence of Tokiinshi were 29.7% (1 h), 11.0% (2 h), 2.6% (4 h), and 1.4% (6 h). By contrast, the ratios spiked in the presence of 20 mg/ml Tokiinshi as follows; 44.7% (1 h), 46.1% (2 h), 75.2% (4 h), and 75.8% (6 h). Therefore, the data showed that treatment with 20 mg/ml Tokiinshi exhibited bactericidal effect against *S*. *aureus*, whereas the effect was bacteriostatic against *S*. *epidermidis*. The growth curves for *S*. *aureus* and *S*. *epidermidis* in the presence and absence of 5 mg/ml Tokiinshi revealed only a slight difference between control and Tokiinshi in the number of viable bacteria of both strains after exposure for 20 h ([S2 Fig](#pone.0214470.s002){ref-type="supplementary-material"}).

![Growth inhibition effect of Tokiinshi (20 mg/ml) against co-culture of *S*. *aureus* and *S*. *epidermidis*.\
A, Growth curve of *S*. *aureus* and *S*. *epidermidis* in the co-culture. B, Survival ratio of *S*. *aureus* and *S*. *epidermidis* in the co-culture. \**P* \< 0.05, in the presence of Tokiinshi, \*\**P* \< 0.01, in the presence of Tokiinshi.](pone.0214470.g002){#pone.0214470.g002}

Growth inhibition effect against clinical *S*. *aureus* strains {#sec010}
---------------------------------------------------------------

To evaluate the bactericidal effect of Tokiinshi against clinical staphylococcal isolates, we determined the growth inhibition effect of 20 mg/ml Tokiinshi against eight MRSA isolates including four PVL-positive strains (two USA300-LV clones, one USA300 clone, and one Taiwan clone) derived from patients with skin infections, and nine MSSA and 13 MSSE isolates derived from healthy individuals ([Table 1](#pone.0214470.t001){ref-type="table"}, [Fig 3](#pone.0214470.g003){ref-type="fig"}, and [S3 Table](#pone.0214470.s005){ref-type="supplementary-material"}). The LRVs at 1 h against MRSA (1.37 ± 0.42) and MSSA (1.18 ± 0.59) were 2-fold higher than that of *S*. *epidermidis* (0.68 ± 0.48). Similar results were also observed at every time point. Therefore, 20 mg/ml Tokiinshi also exerts a bactericidal effect against clinical MRSA isolates including PVL-positive strains, and a bacteriostatic effect against *S*. *epidermidis* isolates from the healthy skin microbiome.

![Growth inhibition effect of Tokiinshi (20 mg/ml) against clinical MRSA, MSSA, and MSSE strains.\
MRSA, methicillin-resistant *Staphylococcus aureus*. MSSA, methicillin-susceptible *Staphylococcus aureus*. MSSE, methicillin-susceptible *Staphylococcus epidermidis*. \*\**P* \< 0.01.](pone.0214470.g003){#pone.0214470.g003}

Suppression of PVL production and expression {#sec011}
--------------------------------------------

To determine whether Tokiinshi has a potential of anti-virulence effect, PVL production was determined in the presence and absence of 5 mg/ml Tokiinshi ([Table 2](#pone.0214470.t002){ref-type="table"}). We confirmed that 5 mg/ml Tokiinshi did not affect viable bacterial counts after 20 h exposure. Tokiinshi suppressed PVL production 4- to 16-fold. PVL production varies depending on the genotypes of the strains. Specifically, PVL production in the Taiwan clone was 2- to 16-fold lower than that of the other clones. However, suppression was not observed with ≤2.5 mg/ml Tokiinshi treatment. Next, to investigate whether Tokiinshi affects PVL gene expression, real-time qRT-PCR was conducted ([Fig 4](#pone.0214470.g004){ref-type="fig"}). The PVL gene expressions of the tested MRSA strains excluding TPS4361 (Taiwan clone) were suppressed in a concentration-dependent manner by Tokiinshi treatment. Compared with the Taiwan clone, the suppression levels were higher in the USA300 and the USA300-LV clones. The PVL gene suppression by Tokiinshi could not be found in one of the Taiwan clones, TPS4361. Therefore, the PVL suppression by Tokiinshi was more effective against the high PVL-producing strains, the USA300 and USA300-LV clones.

10.1371/journal.pone.0214470.t002

###### PVL production in the presence and absence of Tokiinshi (5 mg/ml).

![](pone.0214470.t002){#pone.0214470.t002g}

  --------------------------------------------------------------------------------------------------------------------------------------
  Clone          Strain no.   PVL production (titer) \[CFU/ml\][\*](#t002fn001){ref-type="table-fn"}   Relative production\         
                                                                                                       \[Tokiinshi (-)/(+)\]        
  -------------- ------------ ------------------------------------------------------------------------ ---------------------------- ----
  USA300         TPS3472      ×128 \[6.8 ± 1.7 × 10^9^\]                                               ×16 \[8.2 ± 1.8 × 10^9^\]    8

                 TPS3517      ×64 \[6.6 ± 1.6 × 10^9^\]                                                ×8 \[4.4 ± 0.01 × 10^9^\]    8

                 TPS3993      ×128 \[7.4 ± 1.2 × 10^9^\]                                               ×16 \[1.2 ± 0.2 × 10^10^\]   8

                 TPS4353      ×128 \[8.2 ± 1.3 × 10^9^\]                                               ×16 \[9.4 ± 1.8 × 10^9^\]    8

                 TPS4655      ×128 \[6.2 ± 0.3 × 10^9^\]                                               ×32 \[1.7 ± 0.8 × 10^10^\]   4

  USA300-LV      TPS3156      ×128 \[5.4 ± 0.4 × 10^9^\]                                               ×8 \[5.3 ± 0.8 × 10^9^\]     16

                 TPS3232      ×64 \[4.8 ± 0.3 × 10^9^\]                                                ×4 \[5.5 ± 1.4 × 10^9^\]     16

  Taiwan clone   TPS4219      ×32 \[5.6 ± 1.7 × 10^9^\]                                                ×8 \[4.9 ± 0.01 × 10^9^\]    4

                 TPS4361      ×8 \[4.7 ± 0.7 × 10^9^\]                                                 ×1 \[4.0 ± 2.4 × 10^9^\]     8
  --------------------------------------------------------------------------------------------------------------------------------------

\*CFU/ml data are shown as mean ± standard error of mean (SE).

![PVL gene expression in the presence and absence of Tokiinshi.\
\**P* \< 0.05 and \*\**P* \< 0.01 vs. 0 mg/ml.](pone.0214470.g004){#pone.0214470.g004}

Suppression of *agrA* and *hla* genes expression {#sec012}
------------------------------------------------

PVL gene expression is regulated by an accessory gene regulator (*agr*) \[[@pone.0214470.ref026]\]. The *agrA* gene also regulates the production of Hla, which is an α-hemolysin and an essential virulence factor of *S*. *aureus* \[[@pone.0214470.ref027]\]. Therefore, we used real-time qRT-PCR to determine the expression levels of *agrA* and *hla* genes in *S*. *aureus* exposed to 2.5 mg/ml Tokiinshi ([Fig 5](#pone.0214470.g005){ref-type="fig"}). Tokiinshi significantly suppressed the expression of both *agrA* and *hla*. The data suggest that the reduced production and expression of PVL were caused by the suppression of the *agrA* gene by Tokiinshi.

![*agrA* and *hla* genes expression in the presence and absence of Tokiinshi (2.5 mg/ml).\
\**P* \< 0.05 and \*\**P* \< 0.01 vs. control.](pone.0214470.g005){#pone.0214470.g005}

Discussion {#sec013}
==========

Our data showed that a conventional concentration (20 mg/ml) of Tokiinshi, which is a Kampo medicine used for skin diseases, has bactericidal and bacteriostatic activities against *S*. *aureus* and *S*. *epidermidis*, respectively. The growth rates of *S*. *aureus* strains were faster than those of *S*. *epidermidis* strains (Figs [2](#pone.0214470.g002){ref-type="fig"} and [3](#pone.0214470.g003){ref-type="fig"}). These results suggested that Tokiinshi mainly acts against actively growing bacteria. Tokiinshi may exert such growth inhibition against a wide range of *S*. *aureus* and *S*. *epidermidis* strains, because the same effects were also found in clinical isolates from patients with skin infections and healthy individuals. Furthermore, Tokiinshi increased the survival ratio of *S*. *epidermidis* when co-cultured with *S*. *aureus*. The bactericidal effect of Tokiinshi on *S*. *aureus* decreased slightly following co-culture with *S*. *epidermidis*. Although the reason for this is unclear, we hypothesize that some active components in Tokiinshi might be degraded by *S*. *epidermidis* enzymes. The skin microbiome is known to affect immune function of the host, e.g., atopic dermatitis \[[@pone.0214470.ref028]\]. *S*. *aureus* is a highly pathogenic bacterium due to its ability to produce various toxins \[[@pone.0214470.ref001]\], while *S*. *epidermidis* is an indigenous bacterium that helps to form normal skin flora and contributes to host immune function \[[@pone.0214470.ref016], [@pone.0214470.ref017]\]. Therefore, we considered that Tokiinshi is a useful agent for maintaining homeostasis of the skin due to its specific bactericidal activity against *S*. *aureus*. However, the growth inhibition effect of Tokiinshi decreased with reduced concentration. Bacteriostatic activity was retained in 10 mg/ml of Tokiinshi treatment, but 5 mg/ml treatment could not inhibit bacterial growth. We do not have any idea of the concentration of Tokiinshi that will reach the skin after oral administration. Hence, we recommend that Tokiinshi be applied directly to the skin as a topical agent.

Notably, Tokiinshi suppressed PVL production, which varies depending on the strain genotypes. Particularly, the USA300 and USA300-LV clones, which are much more highly pathogenic strains than Taiwan clone \[[@pone.0214470.ref007]\], produced higher levels of PVL than that of the Taiwan clone. Tokiinshi could suppress the PVL production of the USA300 and USA300-LV clones to the same level as that of the Taiwan clone. Additionally, we demonstrated that PVL suppression was caused by affecting gene expression. Moreover, Tokiinshi significantly suppressed the expression of the *agrA* and *hla* genes. The reduced expression of *agrA* suppressed *hla*. Therefore, the data strongly suggest that Tokiinshi attenuates the virulence of highly pathogenic PVL-positive MRSA by suppressing PVL production via *agrA* gene suppression.

Dumitrescu et al. reported that some antimicrobial agents used for *S*. *aureus* infections suppress PVL production \[[@pone.0214470.ref029]\]. However, antimicrobial agents inhibit not only pathogenic bacteria but also the host microbiome. By contrast, Tokiinshi could suppress PVL production without bacterial growth inhibition. Tokiinshi has been used for treating skin diseases in Japan since 1986, and no severe side effects have been reported. Therefore, Tokiinshi has a potential to become an anti-virulence agent against severe skin infections caused by the USA300 clone. We recommend that Tokiinshi be used as an adjunct agent for antimicrobial therapy. Further study is necessary to evaluate the synergistic effects of Tokiinshi and antimicrobial agents.

The present study has some limitations. First, we did not determine which components of Tokiinshi are essential for the suppression of PVL production. However, the pharmacological activity of Kampo medicines generally depends on all their components. Hence, we predict that the components cannot suppress PVL production individually. Second, we did not assess the *in vivo* anti-virulence efficacy of Tokiinshi. Further experiments, such as animal experiments and cytotoxicity assays, are necessary to validate our data. Additionally, clinical studies are necessary to evaluate the availability of Tokiinshi against skin infections caused by PVL-positive MRSA.

Conclusions {#sec014}
===========

Our findings strongly suggest, for the first time, that Tokiinshi has the potential to become an anti-virulence agent against severe skin infections caused by the USA300 clone. Clinical studies are necessary to evaluate the activity of Tokiinshi against skin infections caused by PVL-positive MRSA.
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